A method was developed for the automated calculation of the safe electrical load on spiral bulbs warmed by capacitors for the multiple start-ups of open gas generators under water. An energy criterion was proposed that would, for spiral bulbs with known dimensions and thermal properties, allow the selection of the type of pulsed power supply providing wire heating required for dibasic solid fuel (DSF) ignition, and maintaining its operative state.
Introduction
For the enabling of multiple start-ups and stops of underwater open gas generators (OG) based on dibasic solid fuels (DSF) [1] , a method [2] was proposed, according to which the block fuel 1 is located in an upright position (figure 1). Localization of the intended combustion zone at the upper end is achieved by using heat-resistant glass (HG) 2, at the bottom of which a CH 3 alloy with high electrical resistivity is placed ( Table 1 ). The HG covers the sidewalls of the top part of the block with liquid that can completely fill the margin formed between the walls and the block. Burning is maintained due to the forced movement down of the HG, and the extinction of DSF occurs after the HG's retraction upward.
An experimental check confirmed [3] that the proposed method of DSF burning in an aquatic environment provides for stable ignition, stable combustion and reliable burning interruption.
The task
To ensure an emergency start-up of the OG, the energy of a charged capacitor may be used [4] , for example, the capacitor included in the construction of the explosive device PC2000m [5] . Its characteristics are shown in Table 2 . The stored energy of the capacitor was estimated by the formula 
Approximate methods
The experience of condenser blasting machine design was used to calculate the heating portion of the ignition of DSF, located near the contact zone of CH with the bottom of the HG [5] . It was thought that the discharge of a capacitor with the size of C0 at the initial voltage of U0, occurs to an external circuit having only active resistance. Then the force change of the current over the period of time t is described by the following expression [5] 0 0
where Rh is the electrical resistance of the wire.
The heat flux density generated by CH is represented as a function exponentially decreasing with time [4] 0 0
is the maximum heat flux created by CH at the moment of the circuit closing; Sh is a heating square, covered by СН. The approximate method of calculating the characteristics of the ignition described below is based on a criterion -the achievement of the surface of the "temperature flashpoint" sample equal to Tbc ≈ 500 K.
For the dependence of the surface temperature of the DSF sample on the time at the accident inert heating stage, an analytical solution with the following form was obtained [4] :
where similar complexes are marked in such a way for brevity 2 exp erfc
Here erfc 1 erf z z is an additional integral of probability.
The dimensionless parameters which are part of (3) are calculated in that way: ; ck is the specific heat capacity of the mass, J/(kg•K); Ok, ak are thermal conductivity coefficients, V/m•K and thermal diffusivity, m 2 /s; ch are the specific heat capacity of the mass, ρh is density and dh is the diameter of the wire; cs is the specific heat capacity of the mass, ρs is density and δs is the thickness of the HG's bottom; αef is the effective heat transfer coefficient.
The scale coordinates and density of the heat flux are:
The calculation of the probability integral was carried out according to the interpolation formula [6] which has one coefficient 2 erf 1 exp 1.26 z z .
The costs of heating the bottom part of the HG are calculated with the help of the n parameter in the DSF ignition scheme shown in figure 1. Let us note that HC q indirectly depends on C0 through tr and affects the parameter σ, reducing it with the increasing of C0. Another option in data processing is the use of the initial value of the specific electrical energy equal to the ratio of 0 0 / h A E S .
The results of the ignition time
An analysis was conducted for CH from nichrome wires of different diameters. Table 3 shows the calculated data of tz depending on A0 for the N type of DSF. The length of the wire was 140 mm and the diameter for variants 1 and 2 was 0.1 mm, and for variant 3 was 0.25 mm. For fixed U0 = 1600 V capacitance the values ranged from 4 to 40 uF. The thermal load A0 varied from 0.06 to 0.69 mJ/m 2 , and tz decreased from 9.1 to 8.3 ms.
Installing HG onto the end part of the block leads to the appearance of a screen between the surface of DSF and CH of 1 mm thickness. The varying of U0 from 950 to 2000 V increased E0 from 22.6 to 100 J, the corresponding thermal load increased from 0.3 to 1.34 mJ/m 2 , and tz decreased from 347 to 60 ms (variant 1). During the discharge the surface temperature of the block reached only 396 K when C0 = 5 uF and U0 = 1600 V.
In the next series of calculations С0 changed from 10 to 80 uF, and the voltage was U0= 1600. The results are shown in the form of the 2nd variant. From the structure of dependence (2) for the heat flux density generated by CH it follows that its amplitude is defined by the initial voltage U0. The capacitance value affects the development of the process of heating the sample in time -for large C0 (σ parameter is less) the temperature rise is slower and the ignition time increases.
The change in dp is affected through the n and qHC parameters. A wire 2.5 times as thick was used in the 3rd variant and as a result, the n parameter value became 2.5 times larger. However, 2 
1/
h p R d and therefore HC q increased to 6.25, which resulted in a decrease of tz.
Thus, the analysis showed that in the presence of a thin steel screen between CH and the end surface of a block from DSF, sources that allow the production of an energy density of more than 30 mJ/m 2 in the section of DSF heating are necessary for the realization of this process. In particular, a PC -2000 m explosive device can be used.
Estimation of the safe electrical load on spiral bulbs heated by capacitors
To ensure re-ignition of the block of the same CH it is necessary that its electrical resistance changes little and that contact with the connecting wires is maintained.
The conductor may break after its heating to a temperature comparable to the melting temperature Тpl of the corresponding metal with high resistivity shown in Table 1 . The results of such an analysis for the variant of CH heating from an autonomous power supply of direct currents are shown in the work [7] .
Within the thermo-technical approach of evaluating the load on the conductors of nichrome or another alloy, the maximum current strength is determined that can be passed through the wire heater surrounded by air, so that the maximum temperature does not exceed 1273 K [8] .
In another source [9] , it is necessary to calculate the strength of the current going through thin nichrome wire of 0.1 mm in diameter and 2 m in length, placed horizontally in the air, having a temperature of 293 K, at which its destruction will occur, if it is known that nichrome has Tpl = 1733 K.
There is such a task in [10] . An electric detonator in the form of a cylinder of 0.1 mm in diameter and 5 mm in length is in air whose temperature is T0=303 K, the intensity of cooling heating wire is characterized by the heat transfer coefficient α = 10 W/(m /s, the melting temperature of the detonator's metal is 1173 K, and the electrical resistance Rh = 0.2 Ohm. The task is to determine the time after which the detonator would explode when passing through it a constant current of 3 A, neglecting the radiation and escape of the heat to the attachment at the ends of the detonator. The value of t = 7.62 ms is given in the answer.
Let us add to the results of the DSF ignition analysis for spiral bulbs heated by capacitors an estimation of the time required to reach the temperature limit Тpl.
Let us sum up the formulations given in [7] due to the reducing current (1). Let us write the heat balance of the area of wire based on the energy conservation equation. When an electrical current passes through a conductor of cylindrical shape of dp in diameter and lp in length, heat is generated which can be calculated by the formula of Joule [9] : 2 
